Abstract-Here, we combine magnetoencephalography (MEG) and functional magnetic resonance imaging (fMRI) to detect the dynamic brain responses to 3D-SFM. We manipulated the coherence of randomly moving dots to create different levels of 3D perception and investigated the associated changes in brain activity. Results of the fMRI analysis were used to impose plausible constraints on the MEG inverse calculation to improve spatial resolution of the spatiotemporal activity estimates. Time-frequency analysis was also employed to elucidate spatiotemporal dynamic changes in the spontaneous brain activities.
I. INTRODUCTION
ECOGNIZING three-dimensional structure of the object from two-dimensional retinal motion requires the visual motion to be integrated into the internal representation of the 3-D object. Many psychophysical studies have been made to investigate how the visual system extracts the three-dimensional structure of objects from the two-dimensional motion of random dots (structure-from-motion: 3D-SFM) [1] . Electrophysiological studies of non-human primates suggested the involvement of middle-temporal (MT) and medial-superior-temporal (MST) neurons in the perception of 3-D structure from the optical flow [2, 3] . Recent neuroimaging studies using functional magnetic resonance imaging (fMRI) techniques suggested the involvement of the parieto-occipital junction (POJ), the superior-occipital gyrus (SOG), and the ventral occipito-temporal junction (OTJ) in the perception of 3-D structure from motion [4, 5] though the neural dynamics underlying the reconstruction of a 3-D structure from optic flow is not fully understood. In this study, we used neuromagnetic measurement (magnetoencephalography: MEG) and fMRI to detect dynamic brain activities during the perception of 3D-SFM in human.
II. METHODS

A. Subjects and Task
Nine normal right-handed subjects with no history of neurological disorders participated in the study as volunteers. Written informed consent was obtained from each subject prior to the experiment complying with the human research policies of internal review board of the National Institute of Advanced Industrial Science and Technology (AIST) and Massachusetts General Hospital.
The visual stimuli consisted of 1000 randomly-placed dots, which started to move 500 ms after the onset of presentation with various motion coherences. The coherence of the motion was controlled from 0 to 100 % (Fig. 1) . A stimulus that is fully coherent had all the dots moving as if they belonged to a rotating spherical surface with a radius of 10 degree in visual angle. On the other hand, the 80, 60, 40, 20, and 0 % coherence stimuli contain dots having the same speed as the fully coherent stimuli but the directions of the 20, 40, 60, 80, and 100 % of the dots were randomized, respectively.
The subjects were instructed to respond by pressing buttons using their index or middle finger when they saw 3-D rotating sphere or randomly moving dots, respectively.
B. Data Acquisition
The subjects were required to perform the same 3-D SFM
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Sunao Iwaki, Giorgio Bonmassar, and John W. Belliveau R Fig. 1 Examples of the random-dot motion stimuli used in this study. Coherence of the motion was changed from 100 % to 0 % to generate different 3-D object perception.
task both in the MEG and the fMRI scanners.
1) MEG:
Neuromagnetic signals were measured while the subjects viewed the visual stimuli using a whole-cortex type SQUID system with either 122 or 306 planar gradiometers. The stimulus-related epochs of 2000 ms, including a 1000 ms pre-stimulus baseline, were recorded with a sampling rate of 600 Hz. More than 80 epochs were averaged for each condition. Electro-oculogram (EOG) was simultaneously recorded and the epochs with EOG signal change exceeded 150 mV were discarded to eliminate artifacts. Subjects were asked to react as soon as the motion stimuli disappeared by lifting their index finger when they perceive rotating 3-D sphere or by middle finger when they saw random-motion.
2) fMRI: The fMRI scanning was conducted using a 3 Tesla scanner. For functional imaging, the single shot echo-planer imaging (EPI) sequence was used with the imaging parameters TR 3000 ms, TE 40 ms, FA 90 deg, 40 axial slices, 3 mm thickness with 0 mm gap, 64x64 matrix, and FOV 220 mm, which covered the entire brain. Three 14-min functional scans were divided into 12-second phases, randomly alternating between different stimulus (coherency) conditions and resting (fixation) periods. Within each phase, motion stimuli were presented every 4 s. Subjects' task was the same as that in the MEG experiment C. Data Processing 3-D reconstruction of the cortical surface was performed using Freesurfer software [6, 7] for each subject. Statistical Parametric Mapping (SPM) was used to infer statistical significance of the signal changes in fMRI data [8] . The BOLD images obtained during fMRI scanning were realigned using the first image as a reference and spatially smoothed using Gaussian kernels of 6 mm. A boxcar wave function was applied as a reference function, and a statistical parametric map was generated for each voxel using general linear model (GLM). The results of the fMRI analysis were used to impose plausible constraints on the MEG inverse calculation using 'weighted' minimum-norm approach [9, 10] to improve spatial resolution of the spatiotemporal activity estimates. In this study, we introduced fMRI weighting, which was determined by thresholding the fMRI statistical parametric map for each condition vs. fixation condition at p<0.001 (FDR (False Detection Rate) corrected), on the minimum L2-norm linear inverse operator used to map measured MEG signal into estimated neural source distributions [10] .
The event-related time-frequency wavelet decomposition (using Morlet's wavelet basis) [11] of the recorded MEG raw signals between 5 and 60 Hz was used to assess event-related changes in spontaneous oscillatory brain activity, and the time-frequency energy of each single trial was averaged separately for each stimulus condition in the time-frequency domain. Figure 2 shows the behavioral results obtained during MEG and fMRI acquisitions. In the 100 and 80 % coherent conditions, the subjects perceive rotating 3-D spherical surface in the most of the trials, whereas 3-D object was rarely perceived in the 0 and 20 % conditions.. Figure 3 shows the results of the fMRI group statistics, in which fMRI contrasts between the 3-D perception condition (100 and 80 % coherent conditions) vs. the random motion condition (0 and 20 % coherent conditions) were depicted. Increased brain activities were observed in the parieto-occipital (PO), the intra-parietal (IP), and the posterior inferior temporal (pIT) regions as well as the motion sensitive MT area in the 3-D perception condition. Averaged MEG waveforms for the 100 and 60 % coherent conditions measured in the typical subject were shown in Fig.  4 . Increased amplitudes of the MEG event-related components were observed in the parieto-occipital and the bilateral inferior occipito-temporal channels in the latency range more than 200 ms after the onset of motion.The spatiotemporal activity estimates obtained from the fMRI-weighted MEG inverse analysis were shown in Fig. 5 , which were the results of the inter-subject averaging of the activity estimates by using spherical morphing technique. Increased neural activity in the PO area was observed both in the 3-D perception (100 and 80 % coherence) conditions and the intermediate (60 % coherence) condition in the latency range between 220 and 300 ms, while the activities in the IP and the pIT regions were observed only in the 3-D perception conditions in the latencies between 340 and 450 ms after the onset of motion. Also, the activity in the primary visual areas during earlier latencies were decreased in the 3-D perception conditions compared to the random motion and intermediate (0, 20, 40, and 60 % coherent) conditions.
III. RESULTS
A. Behavioral Results
B. Spatiotemporal Synamics of the Event-related Responses
C. Event-related Changes in the Spontaneous Activities
Statistical significance of the event-related suppression of the spontaneous activities from the pre-stimulus baseline was assessed by inter-subject t-test, in which spectral power decrease at each time and frequency in the 3-D perception condition was tested (Fig. 6) .
Suppression of alpha-and beta-band activities started around 300 ms after the onset of random dot motion in SFM condition at occipital, bilateral occipito-temporal and occipito-parietal recording channels.
IV. DISCUSSION
The results shown here indicate that the PO, IP, and pIT regions play an important role in the perception of 3-D object structure from random-dot motion. These results are in agreement with those from the previous studies of 3-D SFM using fMRI [4, 5] in terms of their locations, and add further insight into the temporal characteristics of the neural activities in these regions.
At the same time, the event-related suppression (event-related desynchronization: ERD) of alpha-and beta-band spontaneous brain activities was detected in the occipital and parieto-occipital regions. The suppression of spontaneous activities was observed about 300 ms after the Fig. 5 The results of the inter-subject averaging of the activity estimates for random motion (RM: 0 and 20 %) condition and 3-D structureperception-from-motion (3D-SFM: 80 and 100 %) condition averaged over all seven subjects. The blue circles denote the sites where we observed the major changes between the conditions. Fig. 4 Averaged MEG waveforms corresponding to the 100 and 60 % coherent conditions in the typical subject.ូ onset of random-dot motion which was used as a cue for 3-D shape perception. Local suppression of alpha-and beta activity in occipital and parieto-occipital area was thought to indicate the engagement of these regions to the relevant sensory or cognitive functions, which is in agreement with the results obtained by MEG-fMRI combined analysis of event-related responses to 3D-SFM stimuli. The change in the neural activities in the MT area in conjunction with the perception of global motion is reported in the previous fMRI studies [12] , the PO areas were known to be involved in the integration of spatial aspects of the visual motion [13] , the IP region processes the mental imagery [14, 15] , and the pIT regions are responsible for the object recognition [16] . Together with these previous findings, the current results suggest that the perception of moving 3-D objects from the 2-D retinal motion depends on the higher visual processing in the dorsal visual pathway, i.e., (a) the global motion processing in MT, (b) the spatial integration of the global motion in the PO region, and (c) the mental imagery processing in the IP region, as well as the ventral object recognition system in the pIT.
V. CONCLUSION
We used MEG-fMRI combined analysis and timefrequency analysis of MEG data to visualize dynamic brain activities during the perception of 3D-SFM. The results suggest that the perception of moving 3-D object from 2-D random-dot motion includes both perception and integration of global motion and 3-D mental image processing as well as the object recognition, that are accomplished by the cooperative engagement of both the ventral and the dorsal visual information processing streams.
